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Abstract 
Steel has been used for many decades in structural applications because of its good combination of mechanical properties. As per 
recent concept to reduce steel consumption in reinforced cement concrete (RCC) structures, designers recommend high strength 
steel bars. There are various routes for their production such as microalloying, thermomechanical treatment, cold working, etc. For 
steel bars of thermomechanical treatment (TMT) route, some designers believe these steel bars to be more sensitive to corrosive 
environment. To verify this, corrosion behaviours of high strength steel bars of 500W (weldable steel bar of yield strength 500MPa) 
grade of two different local industries have been studied in fresh water and sea water, which were compared with weldable low 
strength (yield strength 300MPa) bars of the same companies. Experimental results revealed that addition of small amount of 
alloying elements such as Cr, Ni and Cu improves the corrosion resistance of the steel bars in all test mediums; however, strength 
levels have no influence the corrosion rate. A relation has also been found between the severity of corrosion damage and the degree 
of tensile property degradation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of The 5th International Conference of Euro Asia Civil Engineering 
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1. Introduction 
Steel has been used for many decades in structural and engineering purposes both in land and marine environments 
because of its good combination of mechanical properties. The main problem of structural steel is its corrosion by 
various environmental species [1-4]. In general, concrete is reinforced by steel bars in the case of RCC structures. For 
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a long time, conventional hot rolled and normalized mild steel bars have been used for reinforcing concrete structures 
in Bangladesh. But, from few years back, this type of steel is being superseded by high strength one as it reduces the 
total steel consumptions [5-8].  In general, higher level of residual stress is thought to be responsible for higher 
corrosion rate [9-11]. At the same time, many authors mentioned that high strength TMT steel bars having minor 
residual stress at surface area do not show noticeable accelerated corrosion rate [12-16]. The aim of this work is to do 
detail research on the locally produced high strength steel bars in Bangladesh as this has not been done yet.  
2. Materials and Experimental Procedure 
2.1. Materials preparation 
The materials used in this experiment were locally produced steel bars (produced by conventional hot rolled and 
atmospherically cooled low strength 300MPa steel bars and TMT high strength 500MPa steel bars) of two different 
companies. Here it is to be mentioned that, in this paper, high strength steel bars will also be denoted by HS TMT 
Steel 1 or 2 (1 and 2 denote two different companies) and low strength conventionally hot rolled and atmospherically 
cooled bars will be denoted by LS HR Steel 1 or 2.  
2.2. Chemical composition identification 
The chemical compositions of the collected steel bars of two different companies were known by optical emission 
spectroscopy (OES: Shimadzu, Japan) and are presented in Table 1.  
Table 1: Chemical compositions of the used steel bars. 
Steel ID Fe C Si Mn S P Cu Cr 
HS TMT steel 
1 
98.2 0.16 0.12 0.68 0.02 0.04 0.50 0.20 
LS HR steel 1 98.2 0.16 0.12 0.68 0.02 0.04 0.50 0.20 
HS TMT steel 
2 
98.9 0.13 0.11 0.56 0.03 0.03 0.10 0.06 
LS HR steel 2 98.9 0.13 0.11 0.56 0.03 0.03 0.10 0.06 
2.3. Metallography 
Metallographic samples were also cut and prepared for observation under metallurgical microscope following 
standard procedure. After complete polishing, the faces of each sample of all HS and LS steel grades were etched in 
2% Nital solution.  
2.4. Corrosion test 
For corrosion tests, simple immersion mass loss process for determining the corrosion rates has been used. The 
corrosion rates of different types of steel bars of each company in various test media (fresh water and sea water) have 
been compared. Here it is to be mentioned that for corrosion tests steel bars were used in the as received conditions 
and for all cases, corrosion tests were continued for 56 days. However, after every 7 days (one week) of immersion, 
test samples were taken out of the solution, washed in water to clean the rusts accumulated on the steel bar surfaces 
and they were then completely dried. After that the mass losses were measured using a very sensitive digital balance. 
This experimental cycle has been repeated for 56 days, i.e. for each sample, weight losses were measured for eight 
times.  
2.5. Tensile test  
Tensile tests were carried out for all steel bars before and after corrosion tests using a tensile testing machine 
(Shimadzu, Japan) of capacity 500kN. The effects of corrosion on tensile properties were observed by this experiment.  
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3. Results and Discussion 
The chemical compositions of the HS TMT steel bars and conventional LS HR steel bars are presented in Table 
1. As per this table the chemical compositions of steel bars supplied by two local companies are not the same. Steel 
bars collected from company 1 (HS TMT and LS HR steels 1) have slightly higher carbon content, but their 
manganese, chromium and copper contents are significantly higher than that of steel bars collected from company 2 
(HS TMT and LS HR steels 2). Both companies produce steel bars maintaining almost similar production process 
parameters, however, they showed different corrosion rates because of different chemical compositions and resulted 
final microstructures. The macrographs of the polished bars, after etching of the polished specimens in 2% Nital, are 
presented in Fig. 1 and Fig. 2.  
 
 
Due to etching effects, for both the companies, the peripheral cases and cores of HS TMT steel bars were revealed 
very clearly. This is mainly due to the production technology. During the production of this type of steel bar, after 
final hot rolling, the red heated steel bars are passed through a chamber with controlled water flow (Fig. 3) that 
quenches the surface and sub-surface areas of the bars very quickly where martensite is formed. However, the core 
temperature remains very high, Fig. 4. 
 
Fig. 3. Production steps for high strength TMT steel bars. 
Fig. 2. Macrographs showing the section areas with case and 
core of high strength bars (a) steel 1 and (b) steel 2. 
Fig. 1. Macrographs showing the case free section areas of 
low strength bars (a) steel 1 and (b) steel 2. 
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Fig. 4. Cross section of HS TMT bar just after controlled water quenching 
 
  
(a)     (b) 
Fig. 5. Microstructures of case areas of high strength TMT steel bars (a) steel 1 and (b) steel 2. 
When steel bars are finally cooled in atmospheric air on the cooling bed, heat from the core comes out and tempers 
the previously formed martensite in the outer surface and sub-surface areas. Because of tempering, residual stress of 
outer quenched martensite layer gets released. At the same time, normalizing action during air cooling results ferrite-
pearlite microstructures in the core areas.        As a result, tempered martensite and normal ferrite-pearlite 
microstructures are formed, respectively, at the outer surface and core areas of the HS TMT steel bars. Because of 
these dissimilar microstructures, during etching, total surface areas responded differently during etching. So, for TMT 
steel bars, cases (darker portion) at the outer areas are observed, Fig. 2. On the other hand, conventional LS HR steel 
bars are fully cooled in the atmosphere, where uniform ferrite-pearlite microstructures are formed. These ferrite-
pearlite microstructures over the whole cross sectional area are responsible for uniform etched surface for these steel 
bars, Fig. 1.  
At low magnification (macrostructures), the internal microstructural features (various phases, grain sizes, their 
shapes, orientations, volume fractions, etc) are not possible to reveal and this was made possible by microstudy. After 
detailed microstudy of all etched steel bars, they were photographed, which are presented in Figs. 5-6.  From Fig. 5, 
it is clear that surface microstructures of HS TMT steel 1 are finer than that of steel 2. Similar to HS TMT steel 1, 
conventional LS HR steel 1 also showed finer grain size than that of LS HR steel 2, Fig. 6. Alloying elements like 
manganese, chromium, nickel, vanadium, copper, etc refine the ferrite-pearlite grains of steels, which has been 
established by many researchers [17-19]. These alloying elements also restrict the growth of austenite at high 
temperature. As steel 2 contains these elements in lower amount, so austenite grain size of this steel was larger, which 
ultimately resulted coarser tempered martensite as well as ferrite-pearlite in its microstructures, Figs. 5 and 6. 
Water 
Quenched 
Cold Zone 
High 
Temperature 
Inner Core 
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(a)     (b) 
Fig. 6. Microstructures of both case and core areas of low strength HR steel bars (a) steel 1 and (b) steel 2.  
The graphical representations of the corrosion behaviours of these two different steels, both in HS and LS 
conditions, in various mediums are shown in Figs. 7-10, where the abscissa represents the number of days for how 
long test samples were immersed in corrosion medium and the ordinate expresses the cumulative weight loss per unit 
surface area of steel bars.  
   
Fig. 7. Corrosion rates of HS TMT bars in water Fig. 8. Corrosion rates of HS TMT bars in sea water. 
   
Fig. 9. Corrosion rates of LS conventional steel bars in water.          Fig. 10. Corrosion rates of LS conventional steel bars in sea water 
From Figs. 7-10, it is clear that sea water caused higher corrosion rate for all steel bars. Many investigators 
mentioned chloride ion to be a very powerful agent for corrosion of iron based alloys [20-22]. In the case of sea water 
the higher corrosion rate was arguably due to the availability of chloride ions in it. Concerning corrosion rate, the most 
important observation is that high strength steel bars for both groups (steel bars of groups 1 and 2) corroded in a 
significantly slower rates than that of the corresponding low strength conventional steel bars. Some practicing 
designers show reluctant in using HS TMT steel bars as they believe these steel bars to be more corrosion sensitive in 
RCC structures. From this study, it has been clearly revealed that high strength is not the only parameter to control 
the corrosion sensitivity of steel bars. There are many other important parameters; the grain size of the steel bars as 
well as alloying elements that also influence the corrosion rate significantly. From Figs. 5 and 6, it is very clear that 
the surface microstructures of TMT steel bars are significantly finer than that of the corresponding LS HR grade steel 
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bars. Rifai et al showed that corrosion potential is more sensitive to grain size than strength [23]. There is no doubt 
that residual stress in steel causes accelerated corrosion. At the same time, finer grains also ensure lower corrosion 
rate. So, arguably there is competition between residual stress, which tends to increase the corrosion rate and finer 
grain sizes that tend to decrease the corrosion rate. In the case of HS TMT steel bars, residual stress gets released 
during auto tempering. The observed corrosion results suggest an increase in corrosion rate due to residual stress (if 
there is any) is not sufficient to overcome the reduced corrosion rate caused by the refined grains. For HS TMT steel 
bar production, a high technology is used that ensures minimum residual stress at the hardened surface areas. Earlier 
investigations [11,23] confirmed the importance of technological process of manufacturing and processing of 
reinforcing bar on properties of high strength bars. They established that HS steel bars produced in cold working route 
contains a very high level of residual stress (macro stress) that have a substantial impact on corrosion behaviour of 
reinforcing bar in the concrete.  
Similar to grain size, there is another important effect of alloying elements on the corrosion rates of steel bars. 
From Figs. 7-10 we can see, for both the high strength and low strength grades, the corrosion rates of steel 1 are lower 
than that of the corresponding grade of steel 2. As per Table 1, steel bars of group 1 have higher levels of chromium 
and copper contents, which are very effective to reduce the corrosion rate. As a result, in all corrosion test mediums, 
both grades of bars (500 grade i.e. HS TMT bars or 300 grade i.e.  LS HR bars) of steel 1, showed lower corrosion 
rates. Considering all, it is arguable to suggest that, in the case of sea coast or heavily industrial areas, it is wise not to 
use plain carbon steel bars, whether they are conventional low strength grades or high strength TMT grades to avoid 
severe corrosion related damages to the RCC structures and to achieve longer service life of the structures. Although, 
it is thought by some users as well as designers that the corrosion rates of high strength TMT bars are higher than the 
low strength conventional steel bars of similar chemical compositions, no such evidence has been found in this 
research. So, TMT steel bars containing sufficient amount of corrosion reducing alloying elements such as copper, 
chromium and nickel are more suitable for uses in the coastal as well as industrial areas.  
Tensile tests of two types of steels, both in high and low strength conditions, before and after corrosion tests in 
two different mediums were performed using universal testing machine. The graphical representation of tensile 
behaviours for each steel bar and the effects of corrosion on tensile properties have been shown in Figs. 11 and 12. 
Here, Figs. 11 and 12, respectively, refer to the stress-strain graph of steels of groups 1 and 2. If we consider the effect 
of corrosion on strength and elongation, it is clearly observed that corrosion caused a reduction in the strength and 
elongation for steel bars of low and high strength levels for both groups of steel bars. Now, if we consider the effects 
of corrosion test media, the corrosion in sea water has been found to be more damaging than that of just fresh water 
for tensile properties of both groups of steel bars of all strength levels (Figs. 11 and 12).   
 
 
 
The elongations have also been reduced after corrosion tests both in fresh and sea water. Alloying elements reduced 
the corrosion rates of steels of group 1. This means pits formed on bars of group 1 were shallower and deeper for steel 
bars of group 2.  
Fig. 12. Tensile behaviours of low (dotted lines) and high strength 
(solid lines) steel bars of group 2 
Fig. 11. Tensile behaviours of low (dotted lines) and high strength 
(solid lines) steel bars of group 2 
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Fig. 13. Smooth bar, corroded bar and schematic diagram showing the tensile behaviours of these bars  
Finally, these pits on corroded bars cause stress concentration under loading condition and change the tensile 
behaviours of the steel bars, which is shown schematically in Fig.13.  Deeper pits mean higher stress concentration 
and more possibility of premature failure. As a result, bars with deeper pits lose their ultimate tensile strength, yield 
strength and elongation relatively to higher extents. 
4. Conclusions 
Although, it is thought by many users as well as designers that the corrosion rate of high strength 
thermomechanically treated (TMT) steel bars are much higher than that of low strength conventional hot rolled (HR) 
steel bars of similar chemical compositions, no such evidence has been found in this research work. Finer tempered 
martensites or ferrite-pearlite grain sizes and presence of small amount of alloying elements rather, than the strength 
levels of the steel bars, have been found to be more effective to reduce the corrosion rates either in normal water or 
sea water medium. So, TMT steel bars containing sufficient amount of corrosion reducing as well as grain refining 
alloying elements such as copper, chromium and nickel are more suitable for uses in the coastal as well as industrial 
areas where corrosion of steel bars in RCC is a great concern. 
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